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protocol or a CTAB, phenol chloroform isoamyl procedure (Supplemental Figure S1 ). When the 173
Zymo kit was used, fungi were added to lysis tubes and put on bead beater for two rounds of four 174 minutes. If the CTAB extraction was employed, fungal tissue was ground with liquid Nitrogen in 175 ceramic mortar and pestle. Extracted DNA was assayed on a NanoDrop 2000 (ThermoFisher 176
Scientific, USA, cat # ND-2000) and on a Qubit 2.0 Fluorometer (ThermoFisher Scientific, 177 USA, cat # Q32866) with the Qubit double-stranded DNA High Sensitivity Assay kit 178 (ThermoFisher Scientific, USA, cat # Q32851). We followed JGI instruction for sample 179 submission by submitting approximately 500 ng of each sample in a total volume of 25-35 uL in 180 one 96-well plate provided by JGI. 181
ITS sequencing for Species Identification 182
To determine species identity, we sequenced the internal transcribed spacer (ITS) region 183 of the rDNA. We used the same DNA extraction methods referenced above. We used the primer 184 pairs ITS1/ITS4-Tul or ITS1-OF/ITS4-OF for isolates presumed to be Tulasnella as the ITS 185 sequences in this genus are highly divergent and not captured well with other primers (Taylor 186 and . For most samples, RNA sequence data was used to 216 facilitate annotation. When samples were too distantly related to map efficiently to the RNA 217 sequencing reads, these taxa were annotated without aligning to the RNA sequences (Table 5) . 218
The RNA sequences used for reference were also generated from JGI CSP #2000 and will be 219 published as part of a separate study. 220
All samples were then prepared for gene prediction using Funannotate 1.6.0 (Palmer JP, 221
Stajich JE. 2018, https://github.com/nextgenusfs/funannotate), which performs all the steps 222 necessary for genome annotation from gene prediction training to final gene consensus model, 223 functional prediction, and dataset preparation for deposition into GenBank. The tool first runs 224 RepeatMasker 4.0.7 (http://www.repeatmasker.org). This "softmasks" the genome by converting 225 repetitive elements into lowercase letters in the assembly files. This step is necessary for the gene 226 prediction steps that follow. After masking, each assembly is run through a training step to 227 provide the initial models for the ab initio gene prediction programs AUGUSTUS 3. Birney, 2005). When RNASeq reads were available for a strain, these were applied as part of a 232 training step which first aligned short RNASeq reads, followed by assembly of these reads into 233 contig with Trinity. Finally these assembled transcripts were aligned to the genome to produce 234 gene models which were used for gene predictor training. Table 5 has the strains which were 235 able to use the RNASeq data as support for gene model training and prediction. These combined 236 evidence of these gene predictions, both ab initio and protein and transcript sequence based, 237
were combined with EvidenceModeler to use combined evidence to predict a final set of protein 238 coding genes. In addition tRNA gene predictions were performed with tRNAScan-SE (Lowe and 239 Eddy, 1997). The resulting predicted protein files were then used for the phylogenetic analyses. 240
Phylogenomic analysis 241
We used the pipeline PHYling 1.0 (https://doi.org/10.5281/zenodo.1257001) developed 242 by the Stajich lab, to extract orthologous genes from the predicted proteins of our taxa (Spatafora 243 et al., 2016 
RESULTS

262
ITS identifications 263
For the 35 isolates studied, ITS identifications, primers used and the length of each 264 sequence are summarized in Table 2 . One sample sent to the Joint Genome Institute was not 265 sequenced due to poor DNA quality. Two isolates were identified as contaminants (isolates 420 266 and 422) and were excluded from further analysis ( 
Phylogenetic analysis 281
The best concatenated tree likelihood is -3406977. The samples in the Sebacinales are not as well-resolved. The Serendipia isolates have the 305 least support overall due to the short branches of all isolates aside from Serendipita 399, which is 306 sister to the rest. All Serendipita spp in this study are most closely related to Serendipita 307 (=Piriformospora) indica with 100 BS/1.0. It is important to note our inclusion of the reference 308 genome Serendipita 407 (Serendipita sp._407_v1.0) and a shallow genome sequence of the same 309 isolate (Serendipita_sp_407.Orchid). In our dataset these two samples are not sister to each other. 310
In the quartet-based ASTRAL-III tree, Serendipita 400 and 411 are sister to each other with 0.77 311 posterior probability, whereas in the concatenated tree, the genome of isolate 407 was sister to 312 the rest of the Serendipita isolates aside from 399. The short branches in this group indicate a 313 small number of changes in the alignment in the ML tree and a high degree of discordance in the 314 ASTRAL-III tree. All of the Serendipita isolates are from epiphytic orchids in the Florida 315
Panther National Wildlife Refuge ( Figure 3 , Table 1 ). In the ASTRAL tree, Serendipita spp tend 316 to cluster with orchid source compared to the ML tree. 317
DISCUSSION
319
Overview 320
The primary goal of this study was to use shallow genome sequencing and phylogenetic 321 methods to uncover the evolutionary relationships in a collection of fungal isolates that interact 322 with endangered orchid species. The secondary goal was to leverage current genomic resources 323 to investigate relationships among the orders, families and genera of Agaricomycetes, with a 324 focus on Ceratobasicaceae, Tulasnellaceae, and Sebacineaceae. Understanding of species in the 325 fungal genera that facilitate orchid germination is extremely poor, as the number of formally 326 described species is much lower than the diversity of fungi revealed from metagenomic or 327 environmental sequencing. The results of this study add to our understanding of the genetic 328 diversity of these fungal taxa and provide an example of how sequence data can be incorporated 329 with taxonomic expertise to better describe fungal species. 330
The fungi that help germinate orchids were first categorized under one "form genus" 331 called Rhizoctonia (Currah et al., 1997). This classification is not phylogenetically informative 332 and today we know many orchid symbionts come from two orders (Cantharellales and 333 Sebacinales) in the class Agaricomycetes (Hibbett, 2006). However, the taxonomy remains to be 334 fully resolved. One reason classification can be difficult in these taxa is that these isolates do not 335 sporulate or make sexual structures in laboratory conditions. Another is that traditionally, fungi 336
were classified under two different names -the sexual stage (teleomorph) or vegetative state 337 (anamorph). This policy ended during the 2011 International Botanical Congress when the 338 Nomenclature Section voted to eliminate this dual nomenclature system (Hibbett and Taylor, 339 2013). Many of the names published in literature are no longer considered the correct taxonomy 340 though in many cases these changes are not strongly reinforced. This study examines the 341 phylogenetic relationships of a collection of isolates so that the genetic distance of these strains 342 is known and to provide a framework for future evolutionary questions. Data from these 343 phylogenies can also provide evidence for new species or to revise current species concepts. 344
Understanding of taxonomy and species relationships is critical for testing evolutionary 345 hypotheses. Increased sampling within taxonomic groups and from sites around the globe is 346 necessary for future studies. 347 348
Relationships among Orders and Families 349
We used shallow genome sequencing for phylogenomics to describe the evolutionary 350 relationships among a collection of orchid mycorrhizal fungi. We also included numerous 351 outgroups to span the amount of biodiversity represented by these fungi. recommended Ceratobasidium should be renamed Rhizoctonia. Given these taxonomic 375 conundrums, attention is needed to make a robust classification system. Something we found 376 affirming was the close relationship of isolates Ceratobasidium 11750 and Ceratobasidium 394. 377
Based on a nearly identical ITS sequence alignment, these isolates were assumed to be very 378 closely related. This result is noteworthy because they have differential abilities to germinate 379 seeds from the endangered Ghost orchid, Dendrophylax lindenii. 394 can germinate seeds but 380 379 does not. More sampling is needed to compare how the isolates included in our study are 381 related to other Ceratobasidium spp. that are in defined Anastomosis Groups. 382 383
Relationships in Tulasnellaceae 384
Our Tulasnella isolates show a well-supported monophyletic clade in both phylogenetic 385 trees (Figures 2 and 3) . Without further targeted sampling, it is premature to delimit species 386 boundaries; however, one species that could use revision is Tulasnella calospora. In both the 387 concatenated and coalescent phylogenies, the two T. calospora genomes are not sister to each 388 other but include the isolates 408 and 417, which were not identified as T. calospora based on 389 the ITS sequence. This result could be a function of the relatively low number of orthologous 390 genes that we recovered from 408 and 417, 291 and 330 out of 434, respectively (Tables 5 and  391 6). However, others have voiced concern over the species concept (Melissa McCormick, pers. 392
comm.). 393
Three isolates in this analysis are from the Hawaiian island of Molokai (330, 331, and 394 332; Table 1 ). These isolates cluster very closely in both phylogenies and are sister to three 395 isolates of Tulasnella inquilina. These isolates turn pink when exposed to light and have highly 396 divergent ITS sequences from the other Tulasnella isolates in this analysis. The strong support 397 for the monophyly of these Hawaiian samples, and their placement in the tree, suggest a 398 potentially new species. With increased sampling, more robust methods to delineate species 399 boundaries such as those used in (Whitehead et al., 2017) and we will have the power to better 400 describe the diversity of orchid mycorrhizal fungi. 401
Relationships in Sebacinales 402
All of the Serenipita isolates in this analysis are from the Florida National Wildlife 403
Panther Refuge (NWPR) in Florida and they are associated with three different epiphytic orchid 404 species (Table 1) . In both phylogenetic analyses, Serendipita 399 is sister to the rest of our 405 samples. Growing on PDA, 399 looks morphologically distinct from the other Serendipita sp due 406 to a darker orange pigment and a crustose layer on the surface of the agar. This isolate also 407 grows much more slowly than other Serendipita taxa, it would take longer than four weeks for 408 the fungus to grow to the edge of a standard petri dish. For the remaining samples, it could be, 409 that there is one main species or population of Serendipita that grows in orchid roots in the 410 NWPR as their relationships are poorly resolved in the RAxML phylogeny and highly 411 incongruent between the two phylogenies. However, in the ASTRAL analysis, the Serendipita 412 isolates cluster somewhat closely by the orchid species from which they were isolated though 413 this is not a strong signal (Figure 3 contribute to this effort, as it took more than one year for the Craven lab to isolate one strain of 428 Sebacina vermifera ssp. bescii from switchgrass; similar fungi are much more easy to isolate 429 from orchid roots (Prasun Ray, pers. comm.). Orchids could be environmental filters for fungi 430 that could be beneficial in many plant-fungal interactions. 431 432
Future directions 433
The next steps stemming from this study are to combine the phylogenetic relationships 434 with taxonomic expertise to name new species or to revisit problematic species concepts like 435 Tulasnella calospora. Additionally, it would be beneficial to sequence the genome of the type 436 specimens for many of these genera and species. Being able to compare the genetic sequences of 437 the type specimens would be extremely beneficial for fungal species that do not present sexual 438 characteristics in the lab. A set of fifteen isolates from the collection have been sequenced on the 439
PacBio platform and will be assembled into reference genomes as part of another aim of the 440 Community Sequencing Proposal (Table 3) . Bengtsson-Palme, J., Berlin, A., Branco, S., Chomnunti, P., Dissanayake, A., Drenkhan, 554 R., Friberg, H., Frøslev, T.G., Halwachs, B., Hartmann, M., Henricot, B., Jayawardena, 555 R., Jumpponen, A., Kauserud, H., Koskela, S., Kulik, T., Liimatainen, K., Lindahl, B.D., 556
Lindner, D., Liu, J.-K., Maharachchikumbura, S., Manamgoda, D., Martinsson, S., 557
Neves, M.A., Niskanen, T., Nylinder, S., Pereira, O.L., Pinho, D.B., Porter, T.M., 558
Queloz, V., Riit, T., Sánchez-García, M., De Sousa, F., Stefańczyk, E., Tadych, M., 559
Takamatsu, S., Tian, Q., Udayanga, D., Unterseher, M., Wang, Z., Wikee, S., Yan, J., 560
Larsson, E., Larsson, K. 
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Ceratobasidium Serendipita Table 5 . Annotation and BUSCO completeness metrics. Taxa without an RNA sequence listed did not sufficiently map to the Tulinq7632 RNA sequences and were annotated without expression data. The colors in the BUSCO complete % column range from blue-green (lowest percentage) to dark red (highest percentage).
